Recent studies have shown that rapid modulation of the estrogen synthesizing enzyme, aromatase, regulates estrogen production in neurons to affect behavior and cognition. In songbirds, aromatase is expressed at high levels in the hippocampus (HP), hypothalamus (HYP), and caudomedial nidopallium (NCM), where estrogens have been shown to affect learning and memory (HP), reproductive behavior (HYP), and auditory processing (NCM). Previous studies, largely in the HYP of quail, show that aromatase activity is down-regulated by Ca 2+ -dependent phosphorylation. Here, using zebra finches (Taeniopygia guttata), we ask if similar mechanisms are at work in the songbird HYP and if there are sex differences and differences in aromatase modulation between the HYP, HP and NCM. We quantified the conversion of iii phosphorylating conditions across all three brain regions and both sexes. However, regional differences were seen in response to individual cofactor concentrations, some of which were improved by partial purification of the homogenates. Furthermore, while low concentrations of ATP inhibited aromatase activity, unexpectedly, inhibition was no longer seen with high ATP concentrations. These results provide evidence for a regional and temporal specificity in aromatase activity that has not been observed in songbirds.
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Introduction
It is well known that estrogens are created by the enzyme aromatase in peripheral tissues, such as the ovary. These estrogens circulate widely to create potent and long lasting effects via slow acting transcriptional mechanisms. More recently, however, it has been found that estrogens can be produced in neurons to affect behavior on a rapid time scale (Roepke et al., 2011) , with important roles in reproductive behavior (Balthazart et al., 2009) , spatial learning and memory (Oberlander et al., 2004) , and other cognitive processes (Balthazart & Ball, 2013) . Birds have been especially useful animal models for investigating estrogen effects on brain and behavior (Schlinger & Balthazart, 2013) , with songbirds in particular demonstrating elevated aromatase mRNA and protein expression in the hippocampus (HP), hypothalamus (HYP), and caudomedial nidopallium (NCM) (Saldanha et al., 1998; Saldanha et al., 2000) . Whereas there is evidence that estrogens can fluctuate over a rapid time-scale within the songbird brain (Remage-Healey et al., 2008) similar to a neurotransmitter (Balthazart & Ball, 2006) , less is known about the mechanisms by which estrogen synthesis is rapidly modulated (Remage-Healey et al. 2012; .
Transcriptional regulation of aromatase activity can take hours to days, and is too slow for these transient estrogen dependent mechanisms. Instead, posttranslational modifications may be controlling enzyme activity. Previous studies have shown that aromatase activity can be regulated by Ca 2+ dependent phosphorylation within minutes (Balthazart et al., 2003 (Charlier et al., 2011) , as well as in whole telencephalon of zebra finches . Not only is aromatase reversibly inhibited in the presence of these cofactors, but addition of kinase inhibitors prevents this inhibition (Balthazart et al., 2003) .
Local estrogen synthesis is implicated in sensory processing and/or behavioral activation by actions within discrete regions of the songbird brain. In particular, estrogens in the HP affect spatial learning and memory (Rensel et al., 2013) , in the HYP they influence reproductive behavior , and in the NCM they affect auditory processing (Remage-Healey et al., 2012) . Whereas previous studies have made regional comparisons in aromatase expression and ultrastructural compartmentalization of aromatase in these brain regions, no one has assessed the rapid mechanisms modulating aromatase activity in these brain regions separately. While we expect aromatase activity to be regulated by Ca 2+ -dependent phosphorylations throughout the brain, we also hypothesize that aromatase activity may be differentially regulated in each brain region.
In order to test these hypotheses, we quantified the conversion of [ 3 H]androstenedione to estrone using the well established in vitro tritiated water assay. Since previous studies have indicated that Ca 2+ , Mg 2+ , and ATP are necessary for phosphorylation to occur, we first tested the effects of the concentrations of these factors individually in homogenates of each brain region. Next we tested the combined effects of phosphorylating factors and the effect of a protein kinase C (PKC) inhibitor on aromatase activity. In that local estrogen synthesis might activate behaviors differently in males and females (Peterson et al., 2005; Konkle & Balthazart, 2011), we also tested for sex differences in the rapid regulation of aromatase across all three brain regions. Finally, to refine our biochemical measures, we used both whole tissue homogenates as well as partially purified fractions enriched with microsomal and synaptosomal aromatase.
Materials and Methods

Subjects
Experiments were performed on 53 non-breeding, adult (>100 days of age) zebra finches taken from our UCLA colony. This includes 35 males and 18 females. Birds were kept on a 14:10 light:dark cycle. They received food (seed, supplements) and water ad libitum. To prevent the effects of anesthesia on enzyme activity, animals were sacrificed using rapid decapitation. All procedures were approved by the UCLA Chancellor's Animal Research Committee.
Dissections
After removal from the skull, brains were placed upside down on a cooled petri dish on ice. The HYP was first dissected from the medio-ventral part of the brain. Two parasaggital cuts were made just medial to each optic tectum approximately 2mm deep. A third coronal cut was made caudal to the optic tectum, at the level of the oculomotor neurons. This allowed the hindbrain to be completely removed. A coronal cut approximately 2mm deep rostral to the preoptic area, at the level of the tractus septomesencephalicus, was then made. The block of tissue was then removed from the brain with a transverse cut along the anterior commissure and was frozen on dry ice immediately. The brain was righted and the HP was then dissected from the skull as described previously (Saldanha et al., 1998) . The anterior portion of the brain was removed with a razor blade. Next, two parasaggital cuts were made 1mm from each side of the midline. The section medial to the two cuts (the HP) was then peeled off the top surface starting from the posterior. The two HP were then immediately frozen on dry ice. Once the HP was removed, the caudal region of the telencephalon containing the NCM was removed and frozen on dry ice. The optic tecti were removed to allow the brain to lay flat. Starting at the dorsal surface, a U shape was cut starting just lateral to the HP and ending medial of the tractus dorso arcopallius.
Homogenates
On the day of the assay, each brain region was homogenized on ice in an all glass potter tube. 
Aromatase Activity Assay
After homogenization, aromatase activity was measured by quantifying the amount of tritiated water produced by aromatization of [1β-3 H]androstenedione (Roselli and Resko, 1991) . At all times, samples were kept on ice. Activity was assayed in microcentrifuge tubes. Each tube first received 100ul of homogenate, followed by100ul of KTH buffer containing experimental factors.
Assays also included two extra "background" samples that received 100ul homogenate from 4 random individuals, 100ul KTH buffer, and 10ul of the aromatase inhibitor fadrozole (0.41mg/ml dissolved in water) (Wade et al., 1994) . All samples were then briefly vortexed and 
Pilot Experiments 1-3: Effects of Ca
2+
, ATP and Mg
2+ on aromatase activity in HP, HYP, and NCM homogenates
Three preliminary experiments were carried out to determine potential effects of Ca 2+ , ATP, and Mg 2+ , factors previously shown to influence the phosphorylation of aromatase activity of hypothalamic aromatase activity in other species. Experiments were carried out in each brain region on whole homogenates (n = 3 males) and/or partially purified fractions (n = 4 males, pooled and assayed in duplicate).
First, we tested the effects of Ca 2+ concentration on aromatase activity in whole homogenates and partially purified fractions. We prepared 6 microcentrifuge tubes, one for each concentration, with 100ul of sample. were carried out as previously described.
Statistical Analyses
In all experiments, aromatase activity was assessed using linear mixed models. Bird identity was always entered as a random factor. In pilot experiments, brain region and ion concentration were set as fixed factors. For experiment 4, treatment and sex were used as fixed factors. Experiment 5 used treatment, ATP concentration, and sex as fixed factors. Brain region was not a factor in experiments 4 and 5 since each region was tested in a separate assay. Data was first tested for normality and was logarithmically transformed if it was not normally distributed. If a significant main effect was found (p < .05), a least significant difference post-hoc test was performed. All statistical analyses were performed using SPSS 22 (IBM Statistics, 2014) . All figures show raw data mean values ± 1 SE.
Results
Experiment:1 Effects of Ca 2+ on aromatase activity in HP, HYP, and NCM homogenates
Although aromatase activity appears to decrease with the addition of Ca 2+ , there was no significant effect of Ca 2+ concentration on aromatase activity in whole homogenates in any of the three brain regions (HP: F 5,10 = .584, P = .713; HYP: F 5,10 = 2.164, P = .140; NCM: F 5,10 = 1.392, P = .306; Figure 1 ). However, when the experiment was repeated on a pooled sample of partially purified homogenates, a drastic inhibition was seen in NCM ( Figure 2 
Experiment 2: Effects of ATP on aromatase activity in HP, HYP, and NCM homogenates
In whole homogenates, ATP concentration had a significant effect on aromatase activity in HP (F 5,10 = 4.279, P = .018) (Figure 3 ). In HP, low ATP levels decreased aromatase activity.
Specifically, post hoc analysis revealed that activity was significantly inhibited until 0.5mM ATP. Concentrations higher than 0.5mM ATP slowly started to increase aromatase activity.
Addition of 5mM ATP significantly increased aromatase activity to levels above those seen with 0.5mM, 1mM, and 2mM ATP. In the NCM, there was no effect of ATP (F 5,10 = 2.804, P = .078),
although there appears to be a strong inhibition at 1mM ATP and a loss of inhibition at 2-5mM
ATP. There was also no effect of ATP concentration on aromatase activity in the HYP (F 5,10 =
.398, P = .840).
When this experiment was repeated in a pooled sample of partially purified homogenates, results were amplified in the HP and NCM (Figure 4 ). Aromatase activity decreased from 0 to 1mM ATP concentrations. From 1-5mM ATP, aromatase activity significantly increased to values above control samples. Those with 5mM ATP appeared significantly higher than all concentrations. In NCM, control aromatase activity more than doubled at 5mM ATP, and in HP, activity increased to levels 25% greater than seen in controls. Although ATP showed no significant inhibition on aromatase activity in partially purified HYP samples, aromatase activity did increase slightly at high ATP concentrations.
Because of the divergent effects of high and low concentrations of ATP on aromatase activity, in subsequent experiments, we tested both 5mM and 1mM ATP concentrations to assess phosphorylating conditions. Figure 6 ; HYP: F 1, 20 = 8.143, P = .003, Figure 7 ; NCM: F 2,20 = 6.879, P = .005; Figure 8 ). In addition, the HYP showed a significant sex difference (F 1,10 = 7.739, P = .019). Males showed higher overall aromatase activity than females in the HYP. This sex difference was not seen in HP (F 1,10 = .031, P = .864)
or NCM (F 1,10 = 3.748, P = .082). 
Experiment 5: Effects of a PKC inhibitor on aromatase activity in HP, HYP, and NCM homogenates
While no sex effects were seen, the effects of Bis and ATP varied across brain regions in whole homogenates. HP whole homogenates showed significant Bis effects (F 1,31 = 11.640, P = .002) (Figure 9 ). Bis increased aromatase activity. While there was no significant effect of ATP (F 1,31 = .411, P = .526) or sex effect (F 1,10 = .442, P = .521), there was a significant ATP*Sex interaction (F 1,31 = 5.725, P = .023) in the HP as well. The addition of 5mM ATP increased overall aromatase activity in males but not in females. When looking at the HYP, only a significant ATP effect can be seen (F 1, 30.262 = 11.668, P = .002) (Figure 10 ). In both males and females, samples run with 5mM ATP had higher activity than those run with 1mM ATP. There was no significant effect of Bis (F 1, 30.262 = .178, P = .676) and there were no sex effects (F 1, 10.127 = .037, P = .852). The NCM was similar to the HP in that it showed a significant Bis effect (F 1,31 = 18.773, P < .0001) (Figure 11 ). It was also similar to the HYP in that it showed a significant ATP effect (F 1,31 = 34.81, P < .0001). However, unlike the HP and HYP, the NCM also showed a significant ATP*Bis interaction (F 1,31 = 4.985, P = .033). The effects of Bis in samples treated with 5mM ATP were nullified. Control samples and Bis treated samples at 5mM ATP had similar activity levels.
Due to the differences seen between whole homogenates and partially purified homogenates in the validation experiments, this set of experiments was then repeated on partially purified homogenates. Partially purified homogenates of each region showed very similar effects. There was a significant Bis effect in all regions (HP: F 1,31 = 117.278, P < .0001, Figure   12 ; HYP: F 1, 30.664 = 35.826, P < .0001, Figure 13 ; NCM: F 1,31 = , P < .0001, Figure 14) . Bis again increased aromatase activity in comparison with control samples. In addition, all regions showed a significant ATP effect (HP: F 1, 31 = 39.864, P < .0001; HYP: F 1,30.664 = 23.787, P < .0001; NCM: F 1, 31 < , P = .0001). Once again, partial purification appears to have clarified and amplified the results.
Discussion
Overall, these results further support the idea of rapid aromatase modulation by Ca 2+ -dependent phosphorylation. Within minutes, aromatase in all three brain regions was inhibited in the presence of phosphorylating factors such as Ca 2+ , Mg 2+ , and ATP. When a protein PKC inhibitor was added to the mix, this inhibition was no longer seen. Whereas previous studies described rapid modulation of brain aromatase in quail HYP and zebra finch telencephalon (Balthazart et al., 2003; , this is the first time a region specific comparison has been made in a songbird brain. While the nature of aromatase inhibition appears to be consistent, there are regional and species differences in the effects of various cofactors. Moreover, we have evidence that high concentrations of ATP reverse the expected inhibition of aromatase.
Enzymes such as tyrosine hydroxylase can be modulated by divalent cations (Ames et. al., 1978; Albert et al., 1984) . Originally it was proposed that aromatase may be modified by posttranslational processes similar to those seen in tyrosine hydroxylase. Early evidence indicated that divalent cations may control aromatase activity (Hochberg et al., 1986; Steimer & Hutchison, 1981) . As a result, many of the first experiments in the avian brain explored the effects of phosphorylating factors on aromatase activity. Most early evidence for rapid aromatase modulation in the brain has come from in vitro studies of whole homogenates of Japanese quail (Coturnix japonica) HYP. Therefore, we first examined whole homogenates of zebra finch brain.
The present study allowed us to make three main comparisons: 1) a comparison between quail HYP and zebra finch HYP, 2) a comparison between quail HYP and zebra finch HP and NCM, and 3) a species specific comparison between zebra finch HP, HYP, and NCM.
Experiments in quail HYP reported the rapid inhibition of aromatase activity in the presence of Ca 2+ , Mg 2+ , and ATP The lack of a noticeable Ca 2+ effect was surprising given that previous research has shown aromatase in the quail HYP as well as in the zebra finch NCM to be affected by an increase in intracellular Ca 2+ . Since large populations of aromatase are found in the synapse and cell body (Schlinger, 1989) , we wondered if a partial purification of whole homogenates would help clarify these unexpected results by enriching the samples with synaptosomes and microsomes. When the effect of Ca 2+ was retested in partially purified fractions of the NCM, a drastic inhibition was seen with the addition of just 0.1mM Ca 2+ . However, partial purification did not change the effects of Ca 2+ on the HP or HYP.
This may indicate a true species and regional difference in aromatase modulation in the zebra finch.
These results question the dynamics of kinase and cofactor availability throughout the different regions. Previous studies have found regional differences in Ca 2+ concentration and regional differences in the regulation of Ca 2+ uptake in rat brain (Hartmann et al, 1996; Jensen et al., 1990) . It is possible that intracellular Ca 2+ availability naturally differs between each brain region in the present study. Perhaps each region has a different Ca 2+ buffering capacity.
Furthermore, it has been suggested that control of phosphorylation may be indirectly dependent on the interaction of aromatase with additional enzymes and modulatory factors (Charlier et al., 2015) . Perhaps these factors vary between brain regions as well. Future experiments are needed to characterize regional cofactor distribution in the songbird brain.
When the combination of Ca 2+ /Mg 2+ /ATP was applied to whole homogenates, an equally robust inhibition on enzyme activity was seen in all brain regions. While this combined effect is in accord with previous findings in quail HYP Konkle & Balthazart, 2011; , these results further question the dynamics of kinase and cofactor availability throughout the songbird brain. Although the combination of Ca 2+ /Mg 2+ /ATP resulted in an inhibition across all zebra finch brain regions, no significant difference was seen between control samples and samples receiving Ca 2+ /Mg 2+ /EGTA in any of the brain regions. In quail HYP, a similar study found an overall increase in aromatase activity with the addition of EGTA as well as a sex difference in the effects of EGTA (Konkle & Balthazart, 2011) . Although the conditions in the current experiment were not identical to those tested in quail, these results further suggest differences in Ca 2+ availability within specific regions and between quail and zebra finch brain.
While there appear to be differences in Ca 2+ between zebra finch and quail, the current study also suggests possible differences in ATP use and regulation between species and brain regions. Once again, partial purification changed the results seen in the NCM. While no ATP effect was seen in NCM whole homogenates, a strong effect was seen in partially purified fractions. Results in the HP and HYP remained consistent with findings in whole homogenates.
This indicates the buffering capacity and response to change in the NCM may vary the most in comparison to the HYP and HP.
Furthermore, while effects seen in zebra finch HP partially purified fractions were consistent with those seen in whole homogenates, purification amplified the effects of ATP. In partially purified HP, an inhibition was seen at low ATP concentrations. After 1mM ATP, activity increased to values well above control levels. While previous studies have not specifically examined the effect of ATP concentration on aromatase activity in brain, previous work has shown that the addition of high but physiological levels of ATP help decrease aromatase activity to less than half the activity seen in controls . In cell lines expressing aromatase, 8mM ATP decreases enzyme activity to almost zero (Charlier et al., 2011) . Also, zebra finch telencephalic synaptosomes receiving phosphorylating conditions with 2mM ATP showed a stronger inhibition than those receiving the same conditions with only 1mM ATP . It is possible that ATP is activating a separate pathway that is then causing this increase in enzyme activity, but reasons for this difference and increase in activity are still unclear. Future studies may study effects of ATP concentration on regional synaptosomal preparations. The HP, which shows the greatest effect of ATP on aromatase activity in both whole homogenates and partially purified samples, is also a region different from the HYP and NCM in that it has low somal aromatase and high synaptosomal aromatase (Peterson et al., 2005) . Therefore, this effect may be more specific to reactions occurring at the synapse.
Further support for species and regional differences in cofactor availability is seen when testing the effects of Bis on aromatase activity. Previous studies have shown that kinase inhibitors prevent inhibition of aromatase activity while in the presence of phosphorylating factors (Balthazart et al., 2003) . When the effect of a PKC inhibitor was tested on whole homogenates in the zebra finch HYP, only a significant ATP effect was seen. On the contrary, the HP showed a significant Bis and ATP*Sex interaction while the NCM showed a significant Bis*ATP interaction. Interestingly, while sex differences have been shown in quail HYP (Konkle & Balthazart, 2011) , this is the first time a sex difference has been seen in regulation of aromatase activity in zebra finches. Although this difference was not consistent throughout the present study, it is possible that there may be differential modulation of aromatase activity in females and males. As a whole, these results indicate that not only are there potential regional differences in cofactor regulation, but there may also be sex differences in cofactor regulation in zebra finch brain.
When the experiment was repeated in partially purified fractions however, an overall ATP effect and an overall Bis effect can be seen in all zebra finch brain regions. This result further confirms aromatase is fundamentally controlled by Ca 2+ -dependent phosphorylation in both zebra finch and quail brain. Previous studies indicated that Ser/Thr kinases are most likely phosphorylating the aromatase enzyme itself Balthazart, 2003) , and the present results support the role of PKC in aromatase phosphorylation and inhibition. However, these findings also highlight potential differences in the effect of ATP in zebra finch and quail brain.
In conclusion, these results provide evidence for a species, regional, and temporal specificity in aromatase activity that has not been observed in birds. Although it is clear that Ca 2+ -dependent phosphorylation inhibits enzyme activity, the mechanism is more complex and sensitive than originally perceived. There may be regional differences in cofactor use and availability. This is also the first time a bimodal effect of ATP has been shown on brain aromatase activity. Future studies plan to test regional differences in living explants. Although the enzyme has the ability to be modulated by Ca 2+ -dependent phosphorylations in each of these regions, the mechanisms used in intact, living neurons may be different. These studies help reveal underlying mechanisms whereby estrogen levels can fluctuate rapidly in brain to exert actions as a neuromodulator. Samples received a 10 minute preincubation followed by a 10 minute incubation. Error bars are +/-1 SEM. Letters over bars indicate significance (p < .05). n = 3 males.
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[ATP] mM Aromatase activity was measured in whole homogenates of male (n = 6) and female (n = 6) zebra finches. Samples received a10 minute preincubation followed by a 10 minute incubation.
Samples were treated with control conditions, phosphorylating conditions, or phosphorylating conditions in the presence of EGTA. Activity is measured in DPM per mg protein in each sample. Bars represent the mean activity +/-1SEM. Significance: *P < .05, ** P < .01, *** P < .001. There was an overall treatment effect, p < .0001. Aromatase activity was measured in whole homogenates of male (n = 6) and female (n = 6) zebra finches. Samples received a10 minute preincubation followed by a 10 minute incubation.
HYP
Samples were treated with control conditions, phosphorylating conditions, or phosphorylating conditions in the presence of EGTA. Activity is measured in DPM per mg protein in each sample. Bars represent the mean activity +/-1SEM. Significance: *P < .05, ** P < .01, *** P <
.001 There was an overall treatment effect, P = .003 as well as a sex effect, P = .019. Aromatase activity was measured in whole homogenates of male (n = 6) and female (n = 6) zebra finches. Samples received a10 minute preincubation followed by a 10 minute incubation.
Samples were treated with control conditions, phosphorylating conditions, or phosphorylating conditions in the presence of EGTA, indicated by bar color. Activity is measured in DPM per mg protein in each sample. Bars represent the mean activity +/-1SEM. Significance: *P < .05, ** P < .01, *** P < .001 There was an overall treatment effect, P = .005. Zebra finch HP samples were purified and preincubated for 10 minutes in the presence or absence of Bis and at 1mM or 5mM ATP. Activity was measured in males (n =6) and females (n = 6). Enzyme activity is measured in DPM per mg protein in each sample. Bars represent mean activity level +/-1 SEM after a 10 minute incubation with substrate. Significance: *P < .05, ** P < .01, *** P < .001. There is an overall ATP effect and an overall Bis effect in both males and females. Zebra finch HYP samples were purified and preincubated for 10 minutes in the presence or absence of Bis and at 1mM or 5mM ATP. Activity was measured in males (n =6) and females (n =6). Enzyme activity is measured in DPM per mg protein in each sample. Bars represent mean activity level +/-1 SEM after a 10 minute incubation with substrate. Significance: *P < .05, ** P < .01, *** P < .001. There is an overall ATP effect and an overall Bis effect in both males and females. Zebra finch NCM samples were purified and preincubated for 10 minutes in the presence or absence of Bis and at 1mM or 5mM ATP. Activity was measured in males (n =6) and females (n =6). Enzyme activity is measured in DPM per mg protein in each sample. Bars represent mean activity level +/-1 SEM after a 10 minute incubation with substrate. Significance: *P < .05, ** P < .01, *** P < .001. There is an overall ATP effect and an overall Bis effect in both males and females, P < .0001.
